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STATISTICAL FINE STRUCTURE IN
INHOMOGENEOQUSLY BROADENED ABSORPTION LINES IN SOLIDS

W. E. Moerner and T. P. Carter
IBM Rescarch Division, Almaden Research Center, San Jose, CA 95120

ABSTRACT

By using laser FM spectroscopy, we have observed statistical fine structure
(SFS) in the inhomogenecously broadened zero-phonon §; « Sy (0-0) absorption
of pentacene molecules in crystals of p-terphenyl at liquid helium temperatures.
SFS results from variations in the spectral density of absorbers with optical wav-
elength due to statistics, illustrating that the inhomogenecous line profile is not a
simple, smooth Gaussian function as has been previously assumed but rather
contains significant fine structure. Theoretical analysis of the SFS spectra using
autocorrelation techniques can be used to estimate the underlying value of the
homogeneous linewidth. This new obscrvation not only provides a novel way to
study the statistics of inhomogeneous broadening, but it also allows estimation
of the homogeneous width without requiring spectral hole-burning or cohcrent
transient techniques.

INTRODUCTION

Inhomogeneous broadening is not only a universal feature of high-resolution
laser spectroscopy of defects in solids!, but it also appears in a fundamental way
in other spectroscopies of impurity centers such as nmr, esr, and Mdssbauer ab-
sorption. For zero-phonon transitions in crystals, the inhomogeneous profile (for
a particular orientation or sitc) is composed of many narrow homogeneous ab-
sorption lines with a distribution of center frequencies caused by dislocations,
point defects, or random internal electric ficlds and field gradients. Inhomogene-
ous b:oadening also occurs in amorphous hosts, where the center frequency dis-
tribution is caused by the large multiplicity of local environments,

Inhomogeneously broadened absorption lines are usually treated as smooth,
Gaussian profiles. In recent work we have demonstrated the surprising fact that
significant fine structure is a fundamental property of such lines?, This structure
is static and repcatable for a given probe volume; however, the structure changes
compilctely for different probe volumes. Becausec we see no corrclation between
the frequency-dependent structure for different spatial positions, we fcel that the
source for SES is statistical variations in the absorber spectral density with optical
wavelength. For this reason, we call the cfTect “statistical fine structure” (SFS).
We demonstrate that SIS can be detected in a high concentration sample by using
a zero-background technique, laser f(requency-modulation (M) spectroscopy?.
Information about the statistics of the centers and about the underlying homoge-
ncous linewidth y can be derived from the SI'S spectra, without requiring spectral
hole-burning 4 or coherent transient techniques®.

EXPERIMENTAL

Mcasurements of SIS were performed on the inhomogeneously broadened
optical absorption of pentacene molecules in p-terphenyl crystals at liquid helium
temperatures.  Samples were preparcd from mixtures of sublimed pentacene and




T

e

fona

|2

zone-refined p-terphenyl which were grown into single crystals using Bridgman
techniques and cleaved into samples 200-300 um in thickness. Concentrations
ranged between 1 x 105 and 2 x 107 mole/mole, yiclding low temperature optical
densities at the peak of the O, site absorption® between 0.0l and 0.15.

SCALING OF STATISTICAL FINE STRUCTURE

A simulation of expected lineshapes for varying numbers of centers helps in
understanding the influence of concentration and sample configuration on the size
of the SIS signals. We consider a fixed frequency interval Av within the inho-
mogeneous line that satisfies I'>Av>y , where y is the homogeneous linewidth (full
width at half-maximum absorption, or FWIIM) and T" is the FWIIM of the in-
homogeneous line. We define the spectral density of absorbers in the probed vo-
lume g(v) by requiring that g(v)jdv bc the number of absorbers with center
f’requcncnec in dv at v. Then the number of centers per homogeneous linewidth
is Ny _fg v)dv where the mtcgral is performed over the spectral range y, and the
variations in g(v)_and thus in Ny with frequency form the underlying source of
SFS. Let ANy, Ny and Aa, @ signify the rms amplitude and mean value of Ny
and a, respectively, over Av.

We make the crucial assumption that the probability of a given center ac-
quiring a particular center frequency in the range Av is constant. This is equiv-
alent to assuming no “microsites” or special frequencies that are more probable
than others within the interval. Figure | illustrates the variations in absorption
coefficient that can then occur due to statistics alone.

Figure {. Simufated ® (a) ;z (6)
absorption  spectra ® 15
with_different values ‘ 10
of N,. Traces (a) o z 5
through (¢) corre- T ° 1200
spond to N, values SEREL e
of 0.2, 1,10, 100 and 8 o N~ T
'lf),()()O, respectively. < o (¢) 400 (d)
I'race (f) is an ex- c
o 0 0
panded trace of the = 120000
. Q 98400
same data as in (e). s
§ 60000 97600
(e) )
[¢] 96800
0 02 04 06 08 1.0 0 02 04 06 08 1.0

Frequency (art. units)

To show how this figure was gencrated, let 1. (v) = (y/2m)/[v? + (y/2)?] signily the
assumed Lorentztan absorption of FWIIM vy for C‘th center, then the full linc-
shape is

+o0
a(v)zsj g(x)L (v = x)dx =sg % L (v), n

-0

where s is the integrated absorption strength per center and the asterisk significs
convolution. Figure 1(a) shows a possible lineshape if only two centers are in



Av.  Traces I(b), (c¢), (d), and (e) show simulated lincshapes for Ny =1,
10, 100, and 10*. Clearly, & is growing lincarly_with Ny,, while the rclative fluctu-
ations in absorption Aa/a arc decrecasing as (Ny;) '2. Therefore, small Ny, samples
(N;; < 10, for cxamplc) would be cxpected to be optimal for the observation of
SFS. However, detecting such a small number of centers in the presence of con-
siderable background from the host matrix is quite difficult’.

Zero background techniques like 'M spectroscopy provide a way around this
problem, because the variable measured is Aa itsclf, which is growing as (N;)'/2.
Trace I(f) demonstrates that SI'S is still present cven when Ny is large.

FM SPECTROSCOPY DETECTION

Standard F'M techniques® employing an AD'P electro-optic phase modulator
and a Si avalanchc photodiode were used to phase-sensitively detect the SIS sig-
nal. Complete details of the apparatus will be presented elsewhere®. The crucial
feature of the I'M technique is that the detected signal varying as cos(2mv,t),
F,(v), is proportional to

F(v) ~ = MPye™ ™ [a(v + v.)) — a(v — v,,)]¢, (2)

where v is the laser frequency, v, is the rf modulation frequency, Py is the laser
power on the sample, M is the modulation index, ¢ is the sample length, and x
is the background value of a. Thus the I'M signal measures the difference in af
at the two sideband frequencics. (The component of the photocurrent varying as
sin(2nvy,t), called TFy(v), measures dispersion®.) [/(v) has two well-defined limits
depending upon the ratio of vy, to the linewidth of the spectral featurcs’. When
v>y, I',(v) consists of two replicas of the lorentzian line, one positive and one
negative, separated by 2v. In this regime [F(v) i1s maximal and independent of
v, and it is this regime that we use most often to detect SI'S. Using the scaling
results of the last scction, the M  spectroscopy signal varies as
(Ax) = a(N)'3A = a(pf|A)'2, where o is the pcak absorption cross scction, A
is the bcam arca, and the volume density per homogencous linewidth is
p = Ny/A¢. Thercfore, I,(v) increases if the concentration of absorbers or the
sample length increases, and increases (or smaller laser spots.  Further, centers
with higher cross scction lead to larger ['M signals.

RESULTS AND DISCUSSION

Figurc 2 shows IFM spectra of SIS under varying conditions for pentacene
in a single crystal of p-terphenyl. These spectra were acquired by repetitively
scanning a R6G single-frequency dye laser (2.8 M1z linewidth) over the desired
frequency range and averaging 64 scans. Unless stated otherwise, the laser was
focused to a 20 pm diamecter spot, the laser power was 3 W, and the sample
was immersed in superfluid helium at 1.4 K. The conditions for the various traces
are summarized in the caption. Note in particular the [ollowing facts: the SIS
spectrum for a single spot is highly reproducible (traces (¢) and (d)), different spots
on the sample show radically different SIS (trace (c)), larger beam arcas show
smaller SI'S (trace (g)), persistent spectral holes can be burned (an unexpected
result, trace (h)), and ST'S disappears with increasing temperature due to the in-
crcasc of y above the fixed value of v, = 58.1 MHz (traces (i), (j), and (k)). Tor
the O, sitc of pentacenc in p-terphenyl at 1.4 K, y has been reported to be
7.8 +0.6 MI1zY .
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Figure 2. I'M spectra (F)) for a
single crystal of pentacene in p-ter-
phenyl. (a) No light on the detec-
tor. (b) 3 uW on the dctector at a
wavelength not in resonance with
the O, site absorption.  (c),(d)
Spectra at 1.4 K ncar the peak of
the O, absorption at 592.3 nm with
a focused spot, where
N = 5 x 10% (¢} A ncw spot on the
sample, same spectral range as (¢).
(D Laser center frequency offsct by
50 MHz from that for (e). (g)
large laser spot (0.75 mm diam-
cter). (h) Persistent hole burned in
the spectral range of trace (g) using
i mW for 30 s (power broadened
hole). (i) 1.4 K, focused spot. (j)
5.6 K, same location. (k) 7 K. The
vertical scale is exact for (¢) and
(d); all the other traces have the
same scale but are offsct vertically
for clarity. One volt corresponds
to a change in af of 1.1 x 10 3. The
detection bandwidth was 0.1 11z to
300 Hz and v, = 58.1 MHz with M
= 0.16. The frequency scale was
calibrated by optically obscrving the
if’ sideband spacing. .

0 200 400 500 80O

Laser frequency (MHz)

FM Signal (V)

Results simitar to those in Fig. 2 were obtained for the O, site where
y=7.3+40.5Mllz, but the O, and O, sites * show smaller and broader SI‘'S be-
caase y is larger for O, and O,. In addition, as the laser frequency is moved away
from the center of the inhomogencous tine, the amplitude of the SES continuously
decreases, as cxpected.

SI‘'S provides a new window on inhomogencously broadened lines with in-
trinsic detail and complexity, 1'or example, recording of SI'S spectra over a large
fraction of the mhomogencous profile may provide new information about the
distribution of optical absorption encrgics availaise to the impurity centers. [ur-
thermore, the rms amplitude of the SI'S spectra should grow as (N;)"%, and a
measurcd dependence of (N;)? %4100 has been observed experimentally (see Refl.
2). To check for the possibility of “microsites”, the SIS spectra can be acquired
as a function of position in the sample to sce 1f the spectral structure at one po-
sition correlates with that at another position.  Figure 3 shows a 3-dimensional
plot over a 200 MIlz range in frequency and a 200 gm range in laser spot posi-
tion. No evidence for microsites or departures from the statistical source tor the
SE'S have been observed in this system.

Estimates of y can be extracted from the SI'S spectra by cxploiting the pro-
perties of autocorrelation functions. We consider the expected autocorrelation of
the I spectra, < ikl > (v), in the limit vy >y, The result® is
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ST Fy > (6) oc = Ly(v + 2v,) + 2L, (v) = Ly (v — 2v,). (3)

Figure 3. SIS struc-
ture versus laser spot
position. A sequence
of 100 spectra were
obtained, moving the
20um laser spot by
2um after each spec-
trum, and the results
plotted to show how
the SIS structure
changes as the laser
spot is moved.

SFS Signal (V)

The expectation value of the autocorrelation of the I'M signal has a FWHM equal
to twice that for the underlying homogencous absorption lines. Thus an estimate
for y can be derived {rom the FWIIM or second derivative of <} %I, > (v) at

the origin:
—2< kb, >(0) T .
VEl TR, > 0) ' )

where the double prime signifies seccond derivative. (lign. (4) is also true for
< ;% [, >, sce Rel. 8).

To show how the expectation of the autocorrelation of the SI'S signals ap-
proaches tiqn. (3), Figure 4 shows examples of measured single autocorrclation
functions as well as the average of 10 autocorrelations for both I, and F,.

1
F ' F,
Figure 4. Autocorrcla- (o) (v)
tions of SIS spectra in

', and ¥, for the O, site

0 0
with v, = 150 MI17.
Traces (a) and (b) show

tvpical normalized auto-
correlations  of  single
SI'S spectra. ‘Traces (¢)
and (d) show the ap- (d)
pearance ol the pcaks \
described by [gn. (3)

and by a  similar 0 =V 0
equation® [ I’
juation or ; Ob-
tained by averaging only e -

. e 0 200 400 600 BOO 0 200 400 600 800
ten such spectra. Frequency (MHz)

e,

0 200 400 600 800 0 200 400 600 800

Autocorrelation
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Long (4.8 Gll17) laser scans are best for estimation ol homogeneous widtis
because errors in the autocorrelation due to the limited spectral range of the data
are minimized. For a single crystal sample with concentration 3 x 10-7 moles/mole,
we find using Eqn. (4) that y=7.9 + 0.8 M1z for the O, site at 1.4 K by ana-
lyzing the autocorrelations of six SIS spectra over a 4.8 Gllz spectral range using
vm= 150 MIlz. This value is consistent with the previously reported value 7 of
7.8 +£ 0.6 MHz obtained using coherent transient techniques.

CONCLUSIONS

The central result of this work is that for an inhomogeneously broadened line,
the spectral density of absorbers g(v) is not a smooth Gaussian profile; rather,
g(v) contains significant statistical fine structure, even for high concentration
samples. SI'S should be a general feature of all inhomogencously broadened lines
in solids, and even in gases if measurements are performed on a time scale shorter
than the collision time. We expect that SI'S should be observable for color-cen-
ters, ions, and molecular vibrational modes in crystals as well as in amorphous
media. We note that SFS imposes a fundamental limit on the detectability of
shallow spectral features in inhomogencous lines.

We acknowledge stimulating discussions with G. €. Bjorklund and N. Pip-
penger, and the technical assistance of M. Manavi. This work was supported in
part by the U.S. Olflice of Naval Research.
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